Ribonucleotide reductase (EC 1.17.4.1; RNR), a cell-cycle-regulated enzyme, catalyzes the ratelimiting step in the de novo synthesis ofdeoxyribonucleotides by the reduction of the corresponding ribonucleotides. The important role of the RNR in DNA synthesis and cell division makes this enzyme an excellent target for chemotherapy. However, nothing is known about this enzyme from the malaria parasite Plasmodium falciparum. We have isolated cDNA clones encoding both the large and small RNR subunits. the small subunit (R2) (3, 4) . In E. coli and eukaryotic cells the Rl protomers, binding to substrates and allosteric effectors, have a M, of 83,000-87,000 (6). The R2 protomers, with a Mr of 37,000-45,000, contain ferric iron centers and a tyrosyl free radical essential for activity (7). The enzymesubstrate specificity and activity of RNR is regulated by a variety of nucleotides (2, 3). In this paper, we report the cloning and sequencing of P. falciparum Rl and the large and small R2 protomer cDNAs. ¶ The cell-cycle regulation of the subunit genes in synchronous intraerythrocytic cultures was also studied. The treatment of the parasite culture with an antisense oligonucleotide phosphorothioate directed against the R2 resulted in a significant growth inhibition; this suggests that the R2 is essential for cellular survival.
other RNR sequences in the data base. RNA blot analysis showed that the size of the large and small RNR subunit tanscripts are 5.4 kb and 2.2 kb, respectively. Both the RNR subunit transcripts fluctuate in level during the cell cycle, reaching a peak preceding maximal DNA synthesis activity. An oligodeoxynucleotide phosphorothioate that is complementary to sequences around the translational initiation codon of the small RNR subunit showed significant inhibition of growth, as measured by the inhibition in DNA synthesis.
Malaria is one of the most prevalent and devastating parasitic diseases that afflict mankind. Deaths from malaria are between 1 and 2 million each year, occurring most often in children (1) . Malaria affects the lives of nearly half the world population, but the drugs available for the treatment of this disease have lost effectiveness because of the spread of drug-resistant strains, and the immediate possibility of a useful vaccine is uncertain. Therefore, there is an urgent need to understand the biology of the parasite in detail, so that susceptible metabolic targets can be identified. With this goal in mind, we have initiated a study to characterize proteins that are important for the progression of malaria parasites through the cell cycle.
One such protein is the enzyme ribonucleotide reductase (EC 1.17.4.1; RNR). A continuous balanced supply ofdNTPs for the replication and repair of DNA is maintained by the reduction of ribonucleotides by RNR. RNR plays a key rate-limiting role in DNA synthesis by catalyzing the first step in the dNTP production pathway (2) . The RNR has been intensively studied in many prokaryotes, eukaryotes, and viral systems (3, 4) . However, nothing is currently known about this essential enzyme in Plasmodiumfalciparum. The properties of the RNR and its important role in DNA replication and, hence, cell division make this enzyme an ideal target for chemotherapy (5) .
RNR holoenzymes of the Escherichia coli type are ironcontaining heterodimeric enzymes of a232 configuration, where a represents the large subunit (R1) and a represents
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the small subunit (R2) (3, 4) . In E. coli and eukaryotic cells the Rl protomers, binding to substrates and allosteric effectors, have a M, of 83,000-87,000 (6) . The R2 protomers, with a Mr of 37,000-45,000, contain ferric iron centers and a tyrosyl free radical essential for activity (7) . The enzymesubstrate specificity and activity of RNR is regulated by a variety of nucleotides (2, 3) . In this paper, we report the cloning and sequencing of P. falciparum Rl and the large and small R2 protomer cDNAs. ¶ The cell-cycle regulation of the subunit genes in synchronous intraerythrocytic cultures was also studied. The treatment of the parasite culture with an antisense oligonucleotide phosphorothioate directed against the R2 resulted in a significant growth inhibition; this suggests that the R2 is essential for cellular survival.
MATERIALS AND METHODS Parasite Culture. P. falciparum strains HB3 and Dd2 were maintained in an erythrocyte culture as described by Trager and Jensen (7) . If required, cultures were synchronized with two rounds of 5% D-sorbitol treatment (8) .
Nucleic Acid Isolation and Blot Analyses. The genomic DNA and RNA samples were isolated from saponin-lysed P. falciparum-infected erythrocytes by the SDS-proteinase K method (9) and the acidic guanidinium-phenol/chloroform method (10), respectively. Southern and RNA Blots were hybridized with random primer 32P-labeled RNR probes according to standard methods (9) 
Human gnsnGlVPmsl rVYnntaryv dqggnkrpGa faiYlepWHi DIfefLdLkk n. otic initiation site (14) , the sequence alignment with other RNR sequences (Fig. 1A) indicated that the second ATG at amino acid residue 42 is most likely the translation start site. At the 3' end, the eukaryotic poly(A) signal AAUAAA is not seen, but an 18-base poly(A) tail could be detected. An open reading frame of 2418 bp extends from the second 5' AUG to the termination codon UAA. The 3' untranslated region is 127 bp long. Translation of the cDNA results in a predicted Rl polypeptide of 806 amino acids.
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The RNR protomer sequences from human, vaccinia, yeast, P. falciparum, E. coli, and herpes virus were aligned by using several Genetics Computer Group programs ( Fig. 1   A and B) . The alignment for the Rl, shown in Fig. 1A, started with amino acid 251 of the herpes simplex virus. The herpes simplex virus Rl protomer is unusually large with a Mr of 136,000 (15) , and the nonhomologous NH2 terminal end is not included in the alignment. The overall identity of Plasmodium Rl with human Rl is =67%. A lesser degree of identity was seen between Rl from different sources at the NH2 terminal and COOH-terminal ends. The NH2 terminal region of Rl has been implicated in the regulatory activity (16) . A low identity may indicate a difference in the allosteric regulation of the P. falciparum enzyme from its human host. The Cys-225 and Cys439 of the E. coli protein that are important for nucleotide binding (4) are conserved in P. falciparum RNR. The COOH-terminal cysteines that participate in the interaction with thioredoxin and glutaredoxin are also conserved in P. falciparum, as is the Asp-57 of the mammalian enzyme that is involved in the dATP feedback inhibition.
The R2 cDNA sequence contained an open reading frame of 1047 bp, encoding a 349-amino acid protein. The consensus polyadenylylation signal is also not detected in the R2 sequence. The R2 3'-untranslated region is 231 bp, ending with a poly(A)18 tail. The Plasmodium R2 is -57% identical with the human R2. As with the Rl protomer, the identities at the NH2 terminal and the COOH-terminal ends are lower. In fact, the NH2-terminal sequences of the R2 from different sources are quite divergent (Fig. 1B) , indicating that these sequences may be dispensible for the enzyme activity. Several conserved residues that are reported to be important for the catalytic activity of RNR in E. coli (17) are conserved in Plasmodium R2 also (Fig. 1B) . They are as follows: Glu-115, His-118, Glu-204, Glu-238, His-241 for iron ligands; Tyr-122, Phe-208, Phe-212, Ile-234, Ser-211 for the tyrosyl radical environment; Asp-237 and Trp-48 for the hydrogen-bonding network; and Asp-58, Arg-236, Glu-350, and Tyr-356, which are involved in the binding to the Ri. The amino acid numbers mentioned reflect the corresponding numbers in E. coli RNR.
By using the MOTIF program, the PROSITE data base (a dictionary of protein sites and patterns, University of Geneva) was searched for putative motifs present in the RNR protomer-translated amino acid sequences. Several protein kinase C (positions 102, 192, 208, 220, 232, 280 , and 420), tyrosine kinase (128, 147, 275, 322, 478, 528, and 529), and a single cAMP (291) phosphorylation sites were detected in the Rl-deduced amino acid sequence. The R2 showed the existence of a single protein kinase C phosphorylation site at amino acid 38. It would be of interest to study whether or not these phosphorylation sites are used in vivo. Because the RNR plays such an important role in DNA replication and, hence, in cellular proliferation, the phosphorylation sites on RNR subunits may be important for the regulation of proliferative responses.
Organization of RNR Protomer Genes and Expression. The Southern blot analysis of Plasmodium genomic DNA digests with restriction enzymes, probed with full-length Ri (pR155) and R2 (pR214) clones, showed only a single band with enzymes that do not have sites in the coding sequences ( Fig.   2A ). This banding pattern is consistent with the presence of a single-copy gene for both RNR protomers. The results of hybridizational analysis of Southern blots of P. falciparum chromosomes showed positive signals corresponding to chromosome 14 (data not shown) when either probe was used. Because the genes for both Ri and R2 are located on chromosome 14, it would be of interest to determine whether they are linked. Many glycolytic enzymes, such as glucose phosphate isomerase, aldolase, and 3-phosphoglycerate kinase, are also located on the stable chromosome 14 (18) .
RNA blot analysis revealed a 5.4-kb Ri transcript (Fig. 2B,  lane 1) . This result suggests that the Ri mRNA has a very long 5'-untranslated region. The combined length of the Ri coding region and the 3'-untranslated sequences is 2541 bp. The 2.9 kb of 5'-untranslated region is extremely long but is not unusual for P. falciparum. For example, the transcript size of 3-phosphoglycerate kinase was found to be =1.7 times that of the coding sequences (18) . Similar results were also obtained with tubulin genes (19) . An indication of a 7.4-kb transcript hybridizing with the Rl probe was also detected; this could be an unprocessed or an alternate Rl transcript. The transcript size of the R2 was measured to be 2.2 kb.
During its progression through the cell cycle, P.falciparum undergoes distinct morphological changes: (i) rings (the form at the initiation of intraerythrocytic life cycle without any hemozoin pigment), (ii) trophozoites (mononucleated cells containing hemozoin pigment), and (iii) schizonts (multinucleated cells). The complete developmental cycle takes =42-48 hr. To address the question of the periodicity of Ri and R2 gene expression during intraerythrocytic growth of the malaria parasite, the synchronized cultures were processed every 6 hr to monitor parasitemia, DNA synthesis in terms of [3H]hypoxanthine incorporation, and RNR subunit expression, as determined by the RNA analysis followed by quantitation in a phosphorimager. The filter for RNA analysis was also hybridized with a Plasmodium berghei small rRNA probe, and the values obtained for a small rRNA band at each time point were used to normalize the level of Ri and R2 transcripts. Fig. 3A shows that the DNA synthesis, as measured by [3H]hypoxanthine incorporation, was initiated after 12-hr postsynchronization and reached its peak at =24 hr, at which time :85% of the parasites were mature trophozoites. Fig. 3B shows that the steady-state transcript levels of the Rl and R2 are coordinately regulated during the Proc. Natl. Acad. Sci. USA 90 (1993) The peak Rl and R2 mRNA levels were attained at 18 hr, just preceding the peak in the rate of [3H]hypoxanthine incorporation that occurred 24 hr after synchronization. These results suggest that the abundance of RNR subunit transcripts in P. falciparum are regulated during the cell cycle, being expressed just before and during the S phase. Similar results were observed with mammalian RNR, where both Ri and R2 transcripts increase in parallel correlated with the DNA synthesis (20) . However, the Ri polypeptide level in murine cells is constant, and the expression of R2 polypeptide is linked with the S phase, indicating a longer half-life of Ri protein (20) . It would be ofinterest to study whether or not similar mechanisms are operative in the malaria parasite. The induction of expression of the Ri transcript in P. falciparum appears higher compared with that of R2 (Fig. 3B) . Another interesting observation was that the 7.4-kb Ri transcript detected by the RNA analysis (Fig. 2B) was not present in the S phase but could be detected in the ring stage (data not shown). The 7.4-kb transcript may be a precursor that is processed to yield the mature transcript. Another possibility is that the 7.4-kb band, as in Saccharomyces cerevisiae (21) , corresponds to an alternative Rl transcript that is present for DNA repair. At this point, the significance of the existence of this transcript hybridizing with Rl probe is unclear.
Anfimalarial Activity of an Oligodeoxynucleotide Phosphorothioate Complementary to R2 Sequences. Antisense oligonucleotides by virtue oftheir ability to inhibit gene expression are potential chemotherapeutic agents (22, 23) . Recently, nuclease-resistant phosphorothioate-modified oligonucleotides complementary to sequences around the translational initiation site of the P. falciparum dihydrofolate reductasethymidylate synthetase gene showed significant antimalarial activity (24) . Only erythrocytes infected with P. falciparum are permeable to-labeled oligodeoxynucleotides (24) . The oligonucleotides most likely enter the parasite through the recently described parasitophorous ducts (25) . This duct system allows an ideal system for the antisense oligonucleotide mediated malaria chemotherapy. Because the RNR is an essential enzyme that provides a continuous supply of dNTPs for DNA synthesis (2), a study was initiated to test the effect of oligodeoxynucleotide phosphorothioate that is complementary to P. falciparum RNR sequences. The R2 transcripts appeared to exist in limiting amounts (Fig. 3B) ; therefore, in the initial study reported here, the translational initiation region ofthe R2 sequences were chosen to synthesize a 20-mer antisense oligonucleotide phosphorothioate. Asynchronous P. falciparum strain Dd2 culture (chloroquine resistant) was incubated for 48 hr with the antisense oligonucleotide phosphorothioate. The inhibition ofgrowth in terms ofinhibition in the DNA synthesis was measured by [3H]hypoxanthine incorporation. It is evident from the results described in Table  1 that the oligodeoxynucleotide phosphorothioate complementary to the R2 sequences around the translational initiation codon (DEC56) showed significant inhibition of growth at 1.0 uM concentration. Similar results were obtained with synchronous cultures (data not shown). In contrast, the nonspecific oligonucleotide phosphorothioate was ineffective at an equimolar concentration. The IC50 for DEC56 oligonucleotide is between 0.5 and 1.0 ,uM. Comparable IC50 values were also obtained with specific antisense oligonucleotides directed against the dihydrofolate reductase-thymidylate synthetase gene of P. falciparum (24) . However, different regions of the subunit genes must be probed to obtain maximal growth inhibition. These results show that the R2 is essential for survival of the malaria parasite, and the RNR sequences, in addition to the P. falciparum dihydrofolate reductase- *cpm x 10-3 per 6 x 107 parasites. thymidylate synthetase gene, could be exploited for potential antisense oligonucleotide-mediated chemotherapy.
